Summary. The three-dimensional fine structure of cells composing the renal tissue was demonstrated by SEM after the removal of extracellular matrices by NaOH maceration. This paper focuses on glomerular mesangial cells, Goormaghtigh's cells (extraglomerular mesangial cells), and epithelial cells in the thin limbs of Henle's loop in the rat, rabbit and dog.
Mesangial cells reveal rough surfaces covered with short microvilli. The cells extend long branching processes in close association with the glomerular capillary, suggesting a role for them of regulating the capillary caliber. The mesangial cells interdigitate with each other by their microvilli, forming an intercellular labyrinth. Goormaghtigh's cells at the glomerular hilus are also covered with microvilli, which form narrow labyrinthine spaces between the cells. The labyrinth among the mesangial cells and that among Goormaghtigh's cells connect with each other at the hilus, giving rise to a channel system leading from the periphery of the glomerulus through the hilus to the interstitial space outside the glomerulus.
Renal tubule cells display complicated intra-and intercellular interdigitations on the basal aspect. The pattern of epithelial interdigitation is specific to each tubular segment. The descending and ascending thin limbs of the long loops demonstrate a striking contrast to each other. The former is characterized by moderate intercellular interdigitation and by numerous microvilli on the lateral and basal surfaces; the latter is marked by elaborate, pectineal interdigitations, and by smooth basolateral surfaces.
The application of scanning electron microscopy (SEM) has been extended to nonfree surfaces of cells by the chemical or enzymatic removal of extracellular matrices obscuring them. In the kidney, Evan and his group exposed the proximal tubule (EVAN et al., 1978) and the collecting duct (WELLING et al., 1981) , removing basement membranes and collagen fibers by combined treatments with HCl and collagenase. JoNEs (1985a) observed the basal surfaces of different segments of the urinary tubule by sequential treatment with three kinds of proteases, demonstrating various types of epithelial interdigitation. Utilizing the same digestion technique in order to remove the mesangial matrix in the renal glomerulus, JONES (1985b) reported SEM images of mesangial cells covered with short microvilli. However, only limited information has been obtained concerning topographical relations between the renal cells, as the complex digestion procedures for cell exposure sometimes disintegrated the specimen into a fine sediment.
To avoid this shortcoming, we macerated renal tissue with heated NaOH solution for a short time, hydrolyzing the intercellular substances. This simple method allowed us a more systematic demonstration of many histotopographical details. Each segment of the urinary tubule was identified by its spatial relation to other segments and was characterized by its specific pattern of epithelial interdigitation (TAKA-HASHI-IWANAGA, 1989; TAKAHASHI-IWANAGA et al., 1989) . Mesangial cells revealed processes extending in close association with capillary endothelia (TAKAHASHI-IWANAGA, 1991a). The maceration technique was also effective in observing fine networks of sustentacular cells in the renal interstitium (TAKAHASHI-IWANAGA, 1991b ).
The present paper reviews new aspects of renal cells exposed by NaOH maceration and mainly concerns glomerular mesangial cells in the renal cortex, as well as the descending and ascending thin limbs of long-looped nephrons in the inner medulla. 
MATERIALS AND METHODS
Adult male Wistar rats, each weighing about 200 g, adult male rabbits each weighing about 3 kg, and adult male dogs weighing about 8 kg each were examined in this study. Under pentobarbital anesthesia, the kidney of each animal was perfused with Lock's solution followed by 2. 5% glutaraldehyde in 0. 1 M phosphate buffer, pH 7. 3, through the ascending aorta or the renal artery. The renal cortex and inner medulla were excised separately, cut into small cubes measuring about 2 mm on each side, and processed according to the maceration procedure described below.
Mesangial cells
Detailed procedures for the exposure of mesangial cells have been previously described (TAKAHASHI-IWANAGA, 1991a) . Briefly, the cortical tissue pieces were transferred into 60% aqueous solution of dimethyl sulfoxide, freeze-cracked in liquid nitrogen, and macerated with 6 N NaOH for 10 min at 60C.
Thin limbs of long loops
The tissue pieces of the inner medulla were treated with 6 N NaOH at 60C according to the NaOH maceration method (TAKAHASHI-IWANAGA and FUJITA, 1986; TAKAHASHI-IWANAGA et al., 1989) .
The macerated tissue blocks of both groups were conductive-stained by the tannin-osmium method by MURAKAMI (1974), dehydrated through an ethanol series, and critical point-dried using liquid CO2. The dried specimens were evaporation-coated with goldpalladium and observed by SEM. A Hitachi S-450 LB SEM and a Hitachi HFS-2 SEM were used under an accelerating voltage of 10 kV.
RESULTS AND DISCUSSION

Mesangial cells
After freeze-cracking and subsequent NaOH maceration, mesangial cells revealed undulated surfaces covered with short microvilli, among which narrow grooves meandered (Fig. la) . The cells extended long branching processes in intimate association with glomerular capillaries. Mesangial processes often encircled the capillary for more than half its circumference. Some processes expanded membrane-like terminals along its basal surface (Fig. lb) , while others coiled their thick trunks around it.
Mesangial cells additionally projected small blebs in the area of contact with the capillary endothelium. Some blebs penetrated through the endothelium, exposing their smooth surfaces into the lumen (Fig.  la) .
In the present SEM observation, mesangial cells interdigitated with each other by their surface microvilli. The mesangial microvilli formed a labyrinthine channel coursing among the mesangial cells and lying beneath the glomerular epithelium (Fig. ib) . The mesangial region was devoid of large acellular spaces.
Goormaghtigh's cells at the vascular pole resembled mesangial cells in the glomerulus, as they issued branching processes covered with short microvilli (Fig. lc, d ). These microvilli also formed a labyrinthine channel between the cells. The labyrinths of both types of cells communicated with each other at the glomerular hilus, thus establishing an intercellular channel system leading from the periphery of the mesangium through the hilus to the interstitium outside the glomerulus.
Goormaghtigh's cells gradually increased in thickness and lost fine branches from their processes as they left the glomerulus. Finally, they transformed into fusiform smooth muscle cells encircling the arterioles (Fig. ld) .
In current textbooks of histology, mesangial cells have generally been depicted as rather round cells dispersed in the mesangial matrix (Fig. 2a) . However, the mesangial cells observed by SEM extended numerous branching processes in the whole mesangium in accord with the first light microscopic description by ZIMMERMANN (1933) (Fig. 2b) .
It has long been assumed that mesangial cells might be contractile in function, thus regulating the glomerular blood flow (LATTA and MAUNSBACH, 1962; BECKER, 1972; SKORESKI et al., 1983) . The present study suggests that the mesangial processes encircling a major portion of the capillary circumference may effectively regulate its caliber.
Several investigators reported intracapillary projections of mesangial cells by transmission electron microscopy (TEM) (YAMADA, 1955; FARQUHAR and PALADE, 1962) . The present study corroborated their findings by SEM. MELMAN and SHUTKA (1984) assumed that the intracapillary projections might be involved in monitoring capillary pressure or detecting vasoactive substances such as angiotensin II or prostaglandins.
The microvilli of mesangial cells have been demonstrated by previous TEM and SEM studies (FARQU -HAR and PALADE, 1962; JONES, 1985b) . The present study further clarifies that the mesangial microvilli are extremely numerous and that they fill the spaces between the mesangial cells to form a labyrinthine channel. According to previous studies, some tracer particles administered intravenously enter the mesangial region, move gradually from the periphery of the glomerulus through the mesangial stalk to the juxtaglomerular zone, and, finally, disappear from the glomerulus (MICHAEL et al., 1980) . The present SEM observation suggests that the continuous intercellular labyrinth formed by mesangial and Goormaghtigh's cells may provide the pathway for the particles. The bush of mesangial microvilli may influence the passage of particles, for instance, entrapping larger ones.
Thin limbs of long loops
The inner medulla of the rat contained the descending and ascending thin limbs of long loops. The former extended over the boundary between the inner and the outer medullae. The latter abruptly transformed into the thick ascending limb as soon as it entered the outer medulla (Fig. 3a) .
The descending thin limb was composed of large, low epithelial cells with short thick processes which interdigitated with those of adjacent cells. The intercellular surfaces of the epithelial cells were densely covered with short microvilli. Basal surfaces of the cells were furrowed with some short grooves. The walls of the grooves revealed numerous microvilli similar to those on the intercellular surfaces (Fig. 3b,   C ).
As the descending thin limb advanced toward the papillary tip, the epithelial interdigitation gradually subsided. In the inner two thirds of the inner medulla, the epithelial cells were mostly hexagonal in shape.
However, the cells still showed numerous microvilli on their lateral surfaces and on the walls of basal At a short distance before the loop bend, the hexagonal cells in the descending limb were suddenly substituted by another type of cell forming elaborate intercellular interdigitations (Fig. 3d) . These cells lined the loop bend and the ascending thin limb.
The epithelial cells in the ascending thin limb radiated a number of long thin processes from a small round cell body. They deeply interdigitated with each other by these processes, demonstrating a characteristic pectineal pattern. Their lateral and basal surfaces were smooth, except for some stubby microvilli disposed along their basal edges (Fig. 3e) .
In the rabbit and the dog, the inner medulla comprised two types of thin limbs. One resembled the descending thin limb of the rat, being lined by large hexagonal cells which extended numerous short microvilli both on the lateral and basal aspects.
Another type probably corresponded to the ascending thin limb, demonstrating the pectineal pattern of intercellular interdigitations (Fig. 4) . It had long been believed that the whole thin limb of Henle's loop was uniformly lined by simple polygonal cells devoid of epithelial interdigitation, until ZIMMERMANN (1911) recorded variously shaped cells interlocking with each other in thin limbs of several mammalian species. By the Golgi-Kopsch's impregnation method, he demonstrated, for instance, "fish -bone like" cells radiating numerous attenuate processes, but his results were not accepted by most later researchers as his illustrations were too beautiful and somewhat peculiar.
Extensive studies by transmission electron microscopy (TEM) confirmed the existence of the intercellular interdigitation in thin limbs, and further clarified its occurrence as restricted to the upper (From TAKAHASHI-IWANAGA et al., 1989.) descending and the entire ascending portions in long loops in the rat (SCHWARTZ and VENKATACHALAM, 1974) and in the mouse (DIETERICH et al., 1975) . Nevertheless, TEM studies in sectioned specimens did not afford a visualization of the real shapes of the epithelial cells.
JONES (1985a) rediscovered the fishbone-like cells in rat thin limbs by SEM observation after enzymatic removal of basement membranes. However, he could not locate the cells in Henle's loop, since he examined random parts of thin limbs obtained after the enzyme treatment.
Utilizing alkaline maceration for exposure of cell surfaces, we have demonstrated that, at least in the rat, the fishbone-like cells of Zimmermann were specific to the loop bend and the subsequent ascending portion of long loops in the inner medulla (TAKAHASHI-IWANAGA et al., 1989) . In the present SEM observation, the inner medulla of the dog and the rabbit also contained thin urinary tubules identical with the rat ascending thin limbs for the pectineal interdigitation between fishbone-like epithelial cells.
The present SEM observation clearly differentiated the descending and ascending thin limbs of long loops in the inner medulla. The former is characterized by dense microvilli, both on the lateral and basal aspects. These would amplify cell surfaces. Intercellular interdigitation was moderate or absent in the descending thin limb. On the other hand, the latter, ascending thin limb was marked by the pectineal pattern of intercellular interdigitation, which would effectively elongate cell boundaries. The epithelial cells revealed smooth surfaces in this portion (Fig. 5) .
Recent microperfusion studies on isolated tubular segments have indicated that the lower descending thin limb of long loops have a high permeability to water and a relatively low permeability to sodium chloride, while the ascending thin limb is highly permeable to sodium chloride but not to water (IMAI and KOKKO, 1974; IMAI et al., 1984) . The present SEM observation suggests that high water permeabillity in the former might be transcellular, through the cell membranes' being enlarged by the microvilli. On the other hand, high salt permeabillity in the latter is assumed to be paracellular, through the tight junctions elongated by the pectineal interdigitation.
It is worthy to note that ZIMMERMANN (1915) referred to the pectineal boundaries between the fishbone-like cells as the "Interzellularspaltensystem" (intercellular slit system), which might provide an intercellular or paracellular route for fluid secretion.
The NaOH maceration method will help toward understanging the physiological roles and pathological alterations of cells in various tissues from a three-dimensional viewpoint.
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